Abstract. The aim of this study was to elucidate the intestinal epithelial cell efflux transport processes that are involved in the intestinal transport of the H 2 receptor antagonist nizatidine. The intestinal epithelial efflux transport mechanisms of nizatidine were investigated and characterized across Caco-2 cell monolayers, in the concentration range 0.05-10 mM in both apical-basolateral (AP-BL) and BL-AP directions, and the transport constants of P-glycoprotein (P-gp) efflux activity were calculated. The concentration-dependent effects of various P-gp (verapamil, quinidine, erythromycin, ketoconazole, and cyclosporine A), multidrug resistant-associated protein 2 (MRP2; MK-571, probenecid, indomethacin, and p-aminohipuric acid), and breast cancer resistance protein (BCRP; Fumitremorgin C) inhibitors on nizatidine bidirectional transport were examined. Nizatidine exhibited 7.7-fold higher BL-AP than AP-BL Caco-2 permeability, indicative of net mucosal secretion. All P-gp inhibitors investigated displayed concentration-dependent inhibition on nizatidine secretion in both directions. The IC 50 of verapamil on nizatidine P-gp secretion was 1.2×10 −2 mM. In the absence of inhibitors, nizatidine displayed concentration-dependent secretion, with one saturable (J max =5.7×10 −3 nmol•cm •s −1 and 1.2 mM, respectively.
INTRODUCTION
The H 2 -receptor inhibitors (H 2 RI) have been used in the management of gastroesophageal reflux, prophylaxis, and treatment of peptic and duodenal ulcer and prevention of stress-induced gastric mucosal injury. Nizatidine is the newest member of this class of compounds. Nizatidine is a competitive, reversible, H 2 -receptor antagonist commonly used in the treatment of peptic ulcer and gastroesophageal reflux disease in adults, pediatrics (1) , and elderly (2) . Nizatidine is relatively as potent as ranitidine, more potent than cimetidine, and less potent than famotidine in inhibiting gastric acid secretion. However, all four H 2 RIs are equally effective when equipotent doses are used (3) (4) (5) .
P-glycoprotein (P-gp) is a 170-kDa glycosylated transmembrane efflux pump, which was first characterized as the ATP-dependent transporter responsible for efflux of chemotherapeutic agents from multidrug resistant cancer cells. P-gp is widely expressed in many tissues, such as the membrane of endothelial cells in the intestine (6, 7) , liver (6) , kidney (8) , placenta (9) , blood-brain barrier (10) , and blood-testis barrier (11) . P-gp is present on the villus tip of the apical brush border membrane of gut enterocytes and actively causes efflux of drugs from gut epithelial cells back into the intestinal lumen (7, 12, 13) . Hence, P-gp may play a significant role in drug absorption, disposition, and excretion, as well as in drug-drug and drug-food interactions (12, 14, 15) . Additional ATP-binding cassette efflux membrane transporters known to play a role in drug pharmacokinetics are the 190-kDa multidrug resistant-associated protein 2 (MRP2) and the breast cancer resistance protein (BCRP) (16) .
Previous investigations into the intestinal transport of other H 2 RIs, i.e., ranitidine, famotidine, and cimetidine, have indicated the role of P-gp efflux in the intestinal absorption of these drugs (17) (18) (19) (20) . However, no reports are available as to whether or not nizatidine is subjected to efflux transport.
The purpose of this study was to investigate and characterize the possible role of efflux transporters in the intestinal absorption of the H 2 RI nizatidine. The bidirectional transport of nizatidine was evaluated across Caco-2 cell monolayers, in a range of concentrations, and in the presence versus absence of several different P-gp, MRP2, and BCRP inhibitors. This setup allowed us to characterize the inclusive role of intestinal epithelial efflux transport of nizatidine. The susceptibility of nizatidine to P-gp-mediated efflux transport revealed in this paper may be of significance in regard to the absorption, distribution, and clearance of the drug, as well as possible drug-drug and drug-food interactions.
MATERIALS AND METHODS

Materials
Nizatidine, verapamil, quinidine, erythromycin, ketoconazole, cyclosporine A, indomethacin, probenecid, fumitremorgin C (FTC), 2-(N-morpholino)ethanesulfonic acid (MES) buffer, glucose, CaCl 2 , MgCl 2 , and trifluoroacetic acid were purchased from Sigma Chemical Co. (St. Louis, MO, USA). MK-571 was purchased from Alexis Biochemicals (Lausen, Switzerland). Potassium chloride, p-aminohippuric acid, and NaCl were obtained from Fisher Scientific Inc. (Pittsburgh, PA, USA). Acetonitrile and water (Acros Organics, Geel, Belgium) were high-performance liquid chromatography (HPLC) grade. All other chemicals were of analytical reagent grade.
Cell Culture
Caco-2 cells (passages [22] [23] [24] [25] [26] [27] from American Type Culture Collection (Rockville, MD, USA) were routinely maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 1% nonessential amino acids, 1 mM sodium pyruvate, and 1% L-glutamine. Cells were grown in an atmosphere of 5% CO 2 and 90% relative humidity at 37°C.
Caco-2 cells were seeded on semipermeable filter inserts (12-well Transwell plate, Corning Costar Co., Cambridge, MA, USA). The cells on the insert were cultured for 21 days at 37°C in a humidified incubator containing 5% CO 2 in air. The differentiation status of the formed monolayer was evaluated by measuring the transepithelial electrical resistance (TEER; Millicell-ERS epithelial voltohmmeter, Millipore Co., Bedford, MA, USA). Following the 21 days in cell culture, the monolayers developed TEER values above 300 Ωcm 2 .
Caco-2 Permeability Studies
Transcellular transport studies were performed in a method described previously with minor modifications (21) . The uptake buffer contained 1 mM CaCl 2 , 0.5 mM MgCl 2 6H 2 O, 145 mM NaCl, 3 mM KCl, 1 mM NaH 2 PO 4 , 5 mM Dglucose, and 5 mM MES. Similar pH was used in both apical (AP) and basolateral (BL) sides (pH 6.5) in order to maintain constant degree of ionization in both AP-BL and BL-AP direction experiments. This prevents possible influence of this factor on the permeability across the cells and ensures that any asymmetric transport obtained is due to efflux process (22) . Briefly, cells were seeded onto collagen-coated membranes (0.4-μm pore size, 12 mm diameter, Costar, Cambridge, MA, USA) and were allowed to grow for 21 days. Mannitol permeability was assayed for each batch of Caco-2 monolayers (n=3) and TEER measurements were performed on all monolayers. Monolayers with apparent [ −7 cm/s and TEER values >300 Ωcm 2 were used for the study. Of drug solution in the uptake buffer (pH 6.5), with or without inhibitor, 0.5 ml was added to the apical side of the monolayer in the AP-BL direction studies, and 1.5 ml of similar uptake buffer was added to the receiver compartment on the basolateral side of the monolayer. In the BL-AP direction studies, 1.5 ml of drug solution, with or without inhibitor, was added to the basolateral side of the monolayer, and 0.5 ml of blank buffer was added to the receiver compartment on the apical side of the monolayer. Samples were taken from the receiver side at various time points up to 120 min (100 μl from basolateral side or 50 μl from apical side), and similar volumes of blank buffer were added following each sample withdrawal. At the last time point (120 min), a sample was taken from the donor side as well, in order to confirm mass balance and to rule out metabolism of the drug throughout the experiment. Samples were immediately assayed for drug content. Caco-2 monolayers were checked for confluence by measuring the TEER before and after the transport study.
Determination of the IC 50 of Verapamil on Nizatidine Transport
The concentration-dependent effects of a range of verapamil concentration (0.0001-5 mM) on the secretory (BL-AP) direction transport of 0.25 mM nizatidine were evaluated. The IC 50 of verapamil on nizatidine transport was then determined by using the percentage inhibited for each verapamil concentration. The percentage inhibited in each concentration was calculated by dividing the P app by the control apparent permeability value (0.25 mM nizatidine with no verapamil). Michaelis-Menten parameters and IC 50 value were then determined using nonlinear regression according to the Hill equation with GraphPad Prism 4.01 (GraphPad Software Inc., San Diego, CA, USA).
Determination of the Apparent Maximum Velocity (V max ) and the Michaelis-Menten Constant (K m ) of Nizatidine P-gp Secretion
The concentration-dependent membrane transport rate of nizatidine in the secretory (BL-AP) direction was studied in the concentration range 0.1-10 mM, in the absence of inhibitors. This set of experiments was conducted under complete inhibition of the P-gp efflux as well. The conditions for complete P-gp inhibition were identified from the concentration-dependent inhibitory effect of verapamil on nizatidine BL-AP transport. The active P-gp BL-AP secretion was then plotted as described under "Data Analysis" section, and Michaelis-Menten parameters were determined using nonlinear regression with GraphPad Prism 4.01 (GraphPad Software Inc., San Diego, CA, USA).
Inhibition Experiments
The concentration-dependent effects of various P-gp, MRP2, and BCRP inhibitors on the bidirectional transport of nizatidine (0.25 mM) were examined. The P-gp inhibitors used were quinidine (0.2, 0.1, and 0.05 mM), erythromycin (0.2, 0.1, and 0.05 mM), ketoconazole (0.1, 0.05, and 0.01 mM), and cyclosporine A (10, 5, and 1 μM). The MRP2 inhibitors used were MK-571 (0.1, 0.05, and 0.01 mM), probenecid (0.2, 0.1, and 0.05 mM), indomethacin (0.2, 0.1, and 0.05 mM), and p-aminohippuric acid (10, 5, and 1 mM). The BCRP inhibitor used was fumitremorgin C (20, 10, and 5 μM). The results of these experiments were evaluated in comparison to the bidirectional transport of 0.25 mM nizatidine in the absence of inhibitors.
Validation of Efflux Transporters Expression by the Caco-2 Cells
The same batch of Caco-2 cells used in the studies presented in this paper was analyzed for P-gp, MRP2, and BCRP expression using Western blot analysis. Twenty-two days postseeding, cells were washed three times with ice-cold phosphate buffered saline, harvested, and Down's homogenized in 50 mM Tris buffer containing 150 mM NaCl, pH 7.4, 1% sodium dodecyl sulfate, 1% Triton X-100, and protease inhibitor cocktail (ThermoFisher Scientific, Barrington, IL, USA). The homogenates were ultrasonicated on ice (3×10 s), centrifuged (10,000×g; 5 min), and the supernatant was carefully removed and used for protein content (BioRad DC protein assay, Bio-Rad Laboratories Inc., Hercules, CA, USA) and immunoblotting.
Immunoblot analysis of P-gp, MRP2, and BCRP was performed by a method described before with some modifications (19) . From each sample, 100 μg protein were resolved in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Invitrogen Corporation, Carlsbad, CA, USA) followed by electrophoretic transfer onto Hybond ECL nitrocellulose membrane (Amersham, UK). Membranes were blocked overnight in Tris-saline buffer with Tween-20 (TSB-T) solution containing 3% bovine serum albumin at 4°C, followed by 1 h incubation with monoclonal anti-P-gp antibody (C219, 1:200 dilution in TSB-T, Zymed Laboratories Inc., San Francisco, CA, USA), monoclonal anti-MRP2 antibody (M 2 III-6, 1:100 dilution in TSB-T, Alexis Biochemicals, Lausen, Switzerland), or monoclonal anti-BCRP antibody (BXP-21, 1:200 dilution in TSB-T, Alexis Biochemicals, Lausen, Switzerland). The secondary antibody was alkaline phosphatase conjugated goat antimouse IgG (1:3,000 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Blots were developed using ECF substrate (GE Healthcare, NJ) on Typhoon 9200 Variable Mode Imager (Molecular Dynamics, Amersham Pharmacia Biotech, Sweden).
Data Analysis
Permeability coefficient (P app ) across Caco-2 cell monolayers was calculated from the linear plot of drug accumulated in the receiver side versus time, using the following equation:
where dQ/dt is the steady-state appearance rate of the drug on the receiver (serosal in the case of AP-BL studies, or mucosal in the case of BL-AP studies) side, C 0 is the initial concentration of the drug in the donor side, and A is the monolayer growth surface area (1.12 cm 2 ). Linear regression was carried out to obtain the steady-state appearance rate of the drug on the receiver side (R 2 >0.99 in all experimental groups).
The efflux ratio, ER (i.e., the net efflux of nizatidine), was determined by calculating the ratio of P app in the secretory (BL-AP) direction divided by the absorptive (AP-BL) P app direction, according to the following equation:
Kinetic constants (J max , K m , K d ) for nizatidine concentrationdependent secretory transport data were obtained by fitting a model incorporating saturable and nonsaturable components.
The following model was utilized:
where J max is the maximal transport rate, K m is the kinetic constant for the saturable transport component, K d is the kinetic constant for the nonsaturable transport component, and C is nizatidine concentration. Delineation of the active P-gp-mediated component of nizatidine transport was determined by subtraction of the passive component from the total transport, in accordance with Gao et al. (21):
while the passive component was determined by complete inhibition of the active transport process. The conditions for complete inhibition of the transporter in turn were determined by assessing the concentration dependent inhibition of nizatidine secretion by the inhibitor (verapamil).
Analytical Methods
The amount of nizatidine in the Caco-2 medium was assayed using a HPLC system (Waters 2695 Separation Module) with a photodiode array UV detector (Waters 2996). Samples were filtered (Unifilter® 96 wells microplate 0.45 μm filters, Whatman Inc., Florham Park, NJ, USA), and medium aliquots of 40 μl were injected into the HPLC system. The HPLC conditions were as follows: XTerra, RP 18 , 3.5 μm, 4.6×100 mm column (Waters Co., Milford, MA, USA); a gradient mobile phase, going from 70:30% to 90:10% v/v aqueous/organic phase, respectively, over 10 min; the aqueous phase was 0.1% trifluoroacetic acid in water, and the organic phase was 0.1% trifluoroacetic acid in acetonitrile; and flow at a rate of 1 ml/min in room temperature. The detection wavelength was 230 nm, and the retention time was 5.5 min. Separate standard curves were used for each experiment (R 2 >0.999). The inter-and intraday coefficients of variation were <1.0% and 0.5%, respectively.
Statistical Analysis
All experiments were performed across three different unrelated transwells, i.e., n=3, and the data presented as mean ± standard deviation (SD). To determine statistically significant differences among the experimental groups, the nonparametric Kruskal-Wallis test was used for multiple comparisons and the two-tailed nonparametric Mann-Whitney U test for two-group comparison when appropriate. For comparison of several groups against one control group, oneway analysis of variance followed by Dunnett's test was performed. A p value of less than 0.05 was termed significant.
RESULTS
Nizatidine Transport Across Caco-2 Monolayers
The flux of nizatidine (0.1 mM) across Caco-2 cell monolayers in the absorptive (AP-BL) and in the secretory (BL-AP) directions and the corresponding P app values, in the absence or presence of 0.1 mM verapamil, is shown in Fig. 1 . It can be seen that nizatidine displayed a polarized transport, i.e., significantly higher P app value in the BL-AP in comparison to the AP-BL direction, with an efflux ratio (ER; P app BL-AP / P app AP-BL ) of 7.7. The mucosal secretion of nizatidine was significantly reduced in the presence of the P-gp inhibitor verapamil, in both AP-BL and BL-AP directions, decreasing the ER to 2 under these conditions. The P app values for nizatidine transport in the absorptive (AP-BL) and in the secretory (BL-AP) directions over the concentration range 0.1-10 mM, as well as the corresponding ER, are summarized in Table I . Increased AP-BL and decreased BL-AP transport, accompanied by significant decrease in ER values with increasing donor drug concentrations, were obtained. Massbalance analysis at the endpoint of the transport studies indicated no metabolism of nizatidine during the studies.
Concentration-Dependent Inhibition of Nizatidine BL-AP Transport by Verapamil
The inhibition of nizatidine (0.25 mM) transport in the secretory (BL-AP) direction by various verapamil concentrations (0.0001-5 mM) across Caco-2 monolayers is shown in Fig. 2 . Verapamil displayed a concentration-dependent inhibition on nizatidine secretory transport. The IC 50 was determined to be 0.012±0.004 mM. It can be seen that nizatidine BL-AP transport in the presence of 1 mM of verapamil was in the lower plateau region, indicating maximal inhibition of the P-gp secretion. Under these conditions, nizatidine secretory transport was 40% of the control (BL-AP transport of 0.25 mM nizatidine in the absence of verapamil), indicative of passively transported component.
Concentration Dependence of Nizatidine BL-AP Transport Under No P-gp Inhibition and Under Complete P-gp Inhibition
The secretory (BL-AP) transport of various nizatidine concentrations (0.05-10 mM) under no P-gp inhibition and under complete P-gp inhibition is shown in Fig. 3 . The conditions for complete P-gp inhibition (1 mM of verapamil) were identified from the lower plateau region of the concentration-dependent inhibitory effect of verapamil on nizatidine BL-AP transport (Fig. 2) . Under no inhibition of P-gp, nizatidine displayed a concentration-dependent secretory transport, and the data were well described by a model consisting of one saturable and one nonsaturable component. The J max and K m estimated for nizatidine secretory transport were 0.0057 ± 0.001 nmol cm −2 s −1 and 2.2 ± 0.7 mM, respectively. The estimated coefficient of the nonsaturable secretory transport, K d , was 0.0007±0.0001 μL cm −2 s −1 . Under complete P-gp inhibition, nizatidine displayed a nonsaturable linear secretory transport, characterized by a slope similar to the nonsaturable component obtained under no P-gp inhibition conditions. The active P-gp secretion in the BL-AP direction could then be determined by subtracting the flux rates obtained under complete P-gp inhibition from the flux rates obtained under no inhibition of P-gp (Fig. 4) . Apparent Michaelis-Menten parameters estimated for nizatidine active secretion mediated by P-gp, V max and K m , were 0.004 ± 0.0002 nmol cm various P-gp, MRP2, and BCRP inhibitors, in both AP-BL and BL-AP directions, is presented in Fig. 5 . All P-gp inhibitors investigated, i.e., quinidine, erythromycin, ketoconazole, and cyclosporine A, displayed a concentration dependent inhibitory effect on nizatidine secretion, in both AP-BL and BL-AP directions in comparison to the control (nizatidine permeability without inhibitors). It can be seen that all of the investigated MRP2 inhibitors, i.e., MK-571, probenecid, indomethacin, and p-aminohippuric acid, as well as the BCRP inhibitor FTC, had no effect on nizatidine transport, neither in the absorptive nor in the secretory directions. The Caco-2 expression of P-gp, MRP2, and BCRP was validated using Western blot analysis (Fig. 6) , confirming that these efflux transporters were indeed present in the cell culture experiments in the protein level.
DISCUSSION
P-gp may play a significant role in drug absorption, disposition, and excretion, as well as in drug-drug and drugfood interactions. While other H 2 RIs, i.e., ranitidine, famotidine, and cimetidine, were reported to be P-gp substrates, no reports are available as to whether or not nizatidine is subjected to efflux transport. Hence, the aim of the current study was to elucidate the intestinal epithelial cell efflux transport processes that are important in the intestinal transport of nizatidine. Each data point represents the mean ± SD of studies across three transwells (n=3). The IC 50 value for verapamil on nizatidine transport was estimated by a nonlinear regression using GraphPad Prism 4.01 Data presented as mean ± standard deviation; n=3; letters represent significantly different groups ER efflux ratio, BL-AP basolateral to apical, AP-BL apical to basolateral Fig. 3 . The concentration dependence of nizatidine (0.05-10 mM) secretory (BL-AP) transport across Caco-2 cell monolayers in the absence of inhibitors (closed circle) and under complete P-gp inhibition (open circle). The data in the absence of inhibitors were well described by a model consisting of one saturable and one nonsaturable component, as described under the "Data Analysis" section. The conditions for complete P-gp inhibition (1 mM of verapamil) were identified from the lower plateau region of the concentration-dependent inhibitory effect of verapamil on nizatidine BL-AP transport. Each data point represents the mean ± SD of studies across three transwells (n=3) Fig. 4 . The concentration dependency of nizatidine active transport mediated by P-gp in the secretory (BL-AP) direction across Caco-2 cell monolayers. The P-gp-mediated active transport rates were determined by subtracting the flux rate under complete P-gp inhibition from the flux rate under no inhibition (21) . Apparent Michaelis-Menten parameters were estimated using GraphPad Prism 4.01. Data point are means ± SD of studies across three transwells (n=3)
The results presented in this paper clearly indicate that P-gp is highly involved in the intestinal epithelium transport of nizatidine. Nizatidine displayed a polarized transport, i.e., significantly higher P app value in the BL-AP in comparison to the AP-BL direction. Increased absorptive (AP-BL) and decreased secretory (BL-AP) permeability with increasing donor concentration were evident for nizatidine transport, accompanied by decreased ER from 7.7 to 1 (Table I) , indicating saturation of an apical efflux transporter.
Under complete P-gp inhibition, nizatidine secretory transport was 40% of the control (BL-AP transport of 0.25 mM nizatidine in the absence of verapamil), indicative of passively transported component. This was further evident by nizatidine concentration-dependent secretory transport data. Nizatidine displayed a concentration dependent secretory transport, and the data were well described by a model consisting of one saturable and one nonsaturable component.
Several different inhibitors were used to investigate the membrane transport proteins involved in the intestinal efflux transport of nizatidine. All five P-gp inhibitors, i.e., verapamil, quinidine, erythromycin, ketoconazole, and cyclosporine A, displayed a concentration-dependent inhibition of nizatidine secretory transport, in both AP-BL and BL-AP directions. Nizatidine efflux inhibition by verapamil was in the range of its effect on other H 2 RIs; 100 μM of verapamil decreased nizatidine BL-AP transport by 50% (Fig. 1) , similar to its effect on cimetidine and famotidine BL-AP transport measured in our lab (19) . On the other hand, all of the investigated MRP2 inhibitors showed no effect on nizatidine transport in both directions, regardless of their concentration. MK-571 is a specific MRP2 inhibitor (23) , and the fact that no effect on nizatidine transport was observed in concentrations as high as 0.1 mM suggests the lack of involvement of MRP2 in nizatidine intestinal transport. p-Aminohippuric acid is a well established MRP2 substrate (24) that again showed no effect on nizatidine permeability even in very high concentrations. Probenecid and indomethacin are both nonspecific inhibitors of MRP2; however, the lack of effect obtained by these compounds supports nizatidine insusceptibility to MRP2-mediated transport. It has been reported that probenecid and indomethacin do not affect the P-gp-mediated activity (25) (26) (27) , which was also supported by the current study. Hence, it can be concluded that nizatidine is not subjected to intestinal efflux transport mediated by MRP2. The specific BCRP inhibitor fumitremorgin C (28) had no effect on nizatidine permeability, indicating that BCRP is not involved in the intestinal membrane transport of nizatidine. With regard to nizatidine uptake transport, it has been previously reported that the type I organic cation uptake system is involved in nizatidine transport into hepatocytes (29) . Additionally, nizatidine oral bioavailability was significantly altered from an apple juice preparation (30) . Hence, the exact identity and relative contribution of uptake transporters to nizatidine pharmacokinetics remains to be further investigated.
The data presented in this paper indicate that nizatidine is a low permeability compound. Even under complete P-gp saturation (as indicated by ER=1), nizatidine AP-BL P app was 1.1×10 −6 cm/s. Nizatidine AP-BL permeability increased fourfold in comparison to the nonsaturated P-gp region; however, it was still a low permeability compound with approximately 1% of the total amount transported in the absorptive direction, regardless of the P-gp effect. This is in accordance with nizatidine physicochemical properties (i.e., degree of ionization in the physiological pH) and is similar to the other members of the H 2 RI class of drugs. Nizatidine's highest single oral dose is 300 mg, and together with its water solubility (10-33 mg/ml (31)), a dose number (D 0 ) of 0.12 is obtained by the following equation (32):
where C S is the solubility, M is the dose, and V 0 is the volume of water taken with the dose, which is generally set to be 250 ml. A dose number equals or smaller than 1 indicates that the dissolution of the drug is likely to occur rapidly and that the drug is under high solubility definition. It can be concluded hence that according to the biopharmaceutics classification system (BCS) (32), nizatidine is a class III drug, i.e., high-solubility low-permeability compound. This classification is similar to the other members of the H 2 RI class of drugs (33, 34) . The question as to whether or not a certain P-gp substrate is likely to show P-gp efflux-dependent in vivo intestinal absorption is still to be addressed. While several researchers have suggested a very limited influence of P-gp on in vivo intestinal absorption (35) (36) (37) (38) (39) (40) , other authors have found that P-gp substrates do show P-gp dependent intestinal permeability (41) (42) (43) . Hence, the in vivo significance of the fact that nizatidine is a substrate for efflux by P-gp remains to be further investigated. However, being a BCS class III drug, i.e., high-solubility low-permeability compound, nizatidine is more susceptible to show P-gp dependent in vivo intestinal absorption. The intrinsic low gut wall permeability of this class of drugs essentially leads to limited amounts of drug inside the enterocyte, with potentially subsaturated P-gp levels (19) . On the other hand, nizatidine was reported to have reasonable oral bioavailability (>70%), but it was significantly altered by apple juice (30) . The regional differences in GIT P-gp expression levels may also play a role in the in vivo intestinal absorption of nizatidine. Significant differences in P-gp levels along the small intestine were previously reported. In general, P-gp protein expression follows a gradient pattern, increasing from the proximal regions to the distal small intestinal segments (19, (44) (45) (46) (47) (48) . This may lead to different efflux rates along the small intestinal segments, potentially resulting variable intestinal absorption of the drug. Segmental dependent intestinal absorption would also be particularly crucial throughout the development of controlled release products (49) (50) (51) (52) . In light of recent evaluation of the possibility to develop a controlled release nizatidine product (53) , this factor must be taken into account. In addition to intestinal absorption, P-gp might play a role in other pharmacokinetic processes of nizatidine, especially in light of the fact that nizatidine major route of elimination is renal excretion (>90%) of the unchanged drug (>65%) (54) .
CONCLUSIONS
In conclusion, it was found that the H 2 RI nizatidine is a P-gp substrate. P-gp alters nizatidine intestinal epithelial transport, with no involvement of MRP2 or BCRP. Being a drug commonly used in pediatric, adult, and elderly populations, its susceptibility to efflux transport revealed in this paper is of importance and may be of significance in regard to the absorption, distribution, and clearance of the drug, as well as possible drug-drug and drug-food interactions.
